The mammalian gastrointestinal (GI) tract is colonized by a complex consortium of bacterial species. Bacteria engage in chemical signaling to coordinate population-wide behavior. However, it is unclear if chemical sensing plays a role in establishing mammalian host-bacterial commensal relationships. Enterohemorrhagic Escherichia coli (EHEC) is a deadly human pathogen but is a member of the GI flora in cattle, its main reservoir. EHEC harbors SdiA, a regulator that senses acyl-homoserine lactones (AHLs) produced by other bacteria. Here, we show that SdiA is necessary for EHEC colonization of cattle and that AHLs are prominent within the bovine rumen but absent in other areas of the GI tract. We also assessed the rumen metagenome of heifers, and we show that it is dominated by Clostridia and/or Bacilli but also harbors Bacteroidetes. Of note, some members of the Bacteroidetes phyla have been previously reported to produce AHLs. SdiA-AHL chemical signaling aids EHEC in gauging these GI environments, and promotes adaptation to a commensal lifestyle. We show that chemical sensing in the mammalian GI tract determines the niche specificity for colonization by a commensal bacterium of its natural animal reservoir. Chemical sensing may be a general mechanism used by commensal bacteria to sense and adapt to their mammalian hosts. Additionally, because EHEC is largely prevalent in cattle herds, interference with SdiA-mediated cattle colonization is an exciting alternative to diminish contamination of meat products and cross-contamination of produce crops because of cattle shedding of this human pathogen.
bovine | enterohemorrhagic Escherichia coli | metagenomics | rumen B acteria thrive in complex multispecies communities within the gastrointestinal (GI) tracts of mammals (1) . Mammals and bacteria have amicable and detrimental interactions, and enterohemorrhagic Escherichia coli (EHEC) can behave as a commensal or a pathogen depending on its host. EHEC is a commensal in the GI tract of cattle, its main reservoir, but is a human pathogen (2) . EHEC causes bloody diarrhea, and it colonizes the large intestine of humans to form attaching and effacing (AE) lesions that are thought to be largely responsible for promoting disease (2) . The genes for AE lesion formation are encoded within the locus of enterocyte effacement (LEE) (2) . The LEE and AE lesion formations are also necessary for EHEC colonization of the recto-anal junction (RAJ) of cattle, facilitating its shedding to the environment (3) (4) (5) . Whereas AE lesion formation leads to disease in humans, it is innocuous in adult cattle. The site of AE lesion formation in the GI tract may be responsible for the different outcomes. AE lesions occur in the large intestine in humans, leading to diarrheal disease, whereas AE lesion formation in the RAJ does not compromise the electrolyte balance in the bovine GI tract (2, 6) .
To adapt to different hosts and environments, EHEC exploits chemical signaling (7) . Quorum sensing (QS) is a signaling mechanism that allows bacteria to respond to chemicals by altering gene expression. EHEC uses several QS systems for intercellular signaling (7) , including the autoinducer-3 (AI-3)/epinephrine/norepinephrine (8) system and the LuxR homolog SdiA that senses acyl-homoserine lactones (AHLs) (9-12). AHLs have a conserved homoserine lactone connected to a variable acyl chain. Different acyl chains ensure that different AHLs will be recognized by different LuxR-type proteins. LuxR-type proteins are transcription factors that regulate transcription of their target genes when binding to AHL. AHL binding to most of these proteins stabilizes them; otherwise, in the absence of signal, they are targeted to degradation (13) (14) (15) (16) . Congruent with AHLs being used as folding switches by these proteins, the NMR structure of SdiA shows that SdiA requires binding of this signal for folding and function (16) . EHEC encodes SdiA but does not contain a luxI (AHL synthase) gene, and it does not produce AHLs (11, 12, 17) . The LuxR signaling system has been primarily associated with intraspecies signaling, but there are examples of LuxR-type proteins (such as SdiA) that are primarily involved in interspecies signaling (9) (10) (11) (12) . Although the AI-3/epinephrine/norepinephrine QS system is important to activate EHEC virulence in animal models of pathogenesis (18) , the role of the SdiA system in EHEC-host associations has not been established.
Here, we report that SdiA-AHL signaling regulates expression of EHEC genes known to facilitate the commensal EHEC colonization of cattle. We show that AHLs are present within the bovine rumen but absent in other areas of the GI tract and that rumen AHLs through SdiA modulate expression of these EHEC genes.
Results and Discussion
SdiA-AHL Represses Transcription of the LEE Genes. Transcriptome studies were conducted to investigate SdiA-AHL signaling in EHEC. SdiA-AHL signaling altered the expression of 49 genes. Within these 49 genes, the LEE and glutamate decarboxylase (gad) acid-resistance system are present. Both the LEE and gad system have been shown to be essential for EHEC colonization of cattle (4, 19, 20) . There was no difference in transcription of the LEE genes between wild type (WT) and ΔsdiA in the absence of AHLs (EHEC produces no endogenous AHLs). However, when oxo-C6-homoserine lactone was added, transcription of the LEE genes was decreased in the WT strain but not in ΔsdiA (Fig. 1B and Fig. S1 ). These results suggested that AHLs repress transcription of the LEE genes and that this repression is mediated through SdiA. These results were also consistent with the role of AHLs in stabilizing the SdiA protein, given that, like TraR, SdiA will misfold and be targeted for degradation in the absence of AHLs (16) . Transcription of the LEE genes was repressed in the complemented strain both in the presence and absence of AHLs (Fig. 1B) , suggesting that enough SdiA is produced to overcome the lack of the AHL through even mild plasmid overexpression (pACYC177 is a low copy-number vector). Of note, these results are consistent with a report that expression of SdiA from a high copy-number plasmid in EHEC caused reduced expression of the LEE genes (21) . However, no sdiA mutant was constructed and tested in this previous study (21) . SdiA repressed transcription of the LEE genes by directly repressing transcription of LEE1 (Fig. 1C) . LEE1 encodes the LEE-encoded regulator (Ler), which is required for the expression of all LEE genes (22) .
The LEE encodes for a type III secretion system (TTSS), a needle-like structure used to inject bacterial effectors into host cells, as well as the translocon of this system comprised of the EspA, EspB, and EspD proteins, which are themselves secreted through this TTSS (Fig. 1A) (2) . There was no difference in the expression of EspA between the WT and ΔsdiA in the absence of AHLs (Fig. 1D) . However, expression of EspA was reduced in the WT in the presence of AHL and decreased in the complemented strain in both the presence and absence of signal (Fig.  1D ). These results were consistent with the SdiA-AHL repression of LEE transcription (Fig. 1B) . Type III secretion of EspA on WT and ΔsdiA in the absence of AHLs was similar; however, type III secretion in the presence of AHL was strikingly reduced in WT and complemented strains but not in the sdiA mutant (Fig. 1E ). SdiA-AHL controls the expression of all LEE genes, including the genes encoding the TTSS. Hence, one would expect a more striking phenotype on type III secretion of EspA, where one observes defects in secretion coupled to lesser expression of espA.
SdiA-AHL Activates Transcription of the gad Genes. Congruent with the transcriptome studies, AHLs activated expression of the gad acid-resistance genes ( Fig. 2 A and B) . EHEC has other acidresistance systems, but only the gad system is necessary for EHEC survival within the acidic stomachs of the cow (19) . Of note, the arginine acid-resistance system (adi) was not regulated by SdiA or the addition of AHLs (Fig. S2) . Expression of the gad genes was significantly enhanced by AHLs ( Fig. 2 A and B) . However, in contrast with the regulation of the LEE genes, the expression of the gad genes was dramatically decreased in ΔsdiA, even in the absence of AHLs ( Fig. 2 A and B) . The observation that the gad system can be activated by SdiA even in the absence of AHLs is consistent with a previous report from Dyszel et al. (9) . A potential explanation is that within the bacterial cell, SdiA may have a half-life in the absence of AHLs that is sufficient to exert an activation role in the transcription of the gad genes. SdiA alone did not directly activate transcription of the gad system (Fig. 1C) , suggesting that SdiA-AHL either requires a second factor to directly activate transcription of gad or activates expression of an unidentified transcription factor that directly activates transcription of the gad system. Consequently, the sdiA mutant was less resistant to acidic environments than WT EHEC (Fig. 2C) , and this diminished acid resistance was caused by the down-regulation of the gad system ( Fig. 2 A and B) .
AHLs Are Present in the Bovine Rumen. Because SdiA is active in the presence of AHLs (16) and previous reports of AHLs state that they are present within the cattle rumen (23, 24) , the presence of AHLs in rumen fluid was assessed. AHLs were extracted from the rumen fluid of cannulated cattle and tested with an Agrobacterium tumefaciens (25) reporter strain for their presence. This strain has the traI gene (activated by TraR-AHL) fused to lacZ that, in the presence of AHLs and its substrate, converts to blue on a reverse-phase TLC overlay assay. This In conditions where no AHLs were added, the same amount of the ethyl-acetate solvent was added to ensure that the solvent had no effect in gene expression.
detection strain was chosen, because it detects a wide range of AHLs (25) . AHLs were detected in all rumen extracts (Fig. 3A) , further showing that AHLs are indeed present within the rumen of cattle. Alkalinization (alkaline pH hydrolyzes the homoserine lactone ring of AHLs and inactivates these signals) caused loss of activity of the rumen-extracted AHLs, confirming that these signals were AHLs (Fig. 3B) . The activity of these signals was restored in the rumen sample on acidification of this reaction (Fig. 3B) , which allows for reformation of the lactone ring. Although AHLs were detected in all rumen extracts (Fig. 3A) , these signals were not detected in other portions of the ruminant GI tract, suggesting that these signals are restricted to the rumen (Fig. 3C and Fig. S3 ). These results are consistent with the chemistry of AHLs. The homoserine ring of these signals is hydrolyzed at alkaline pH (26) , which is the pH in the intestine; thus, it inactivates these signals. These signals, however, are stable in acidic pH, such as the pH in the rumen (the average rumen pH is 5.98 in animals on a grain diet) (Tables S1-S3).
Rumen AHLs Modulate Transcription of EHEC Genes. Given that AHLs repressed expression of the LEE, activated expression of the gad genes ( Figs. 1 and 2 ) and that the rumen harbors AHLs (Fig. 3A) , we then tested if AHLs extracted from the rumen could mimic the effect of purified AHLs on transcription. The AHLs extracted from the rumen repressed transcription of the LEE (Fig. 3 D and E) and activated expression of gadX (Fig. 3F) . However, not all rumen AHL effects on LEE transcription occurred through SdiA (Fig. 3 D and E) . There are two potential explanations for this observation: (i) the presence of another receptor for AHLs in EHEC or (ii) another(s) molecule(s) is responsible for this further repression. Indeed, de Sablet et al. (27) showed that, in gnotobiotic rats colonized with human microbiota, these bacteria produce chemical signals that repress expression of the genes encoding Shiga toxin in EHEC in a SdiAindependent manner. These studies highlight that complex microbial communities may produce different combinations of signals. Conversely, gadX activation by rumen-extracted AHLs was completely abrogated in the sdiA mutant (Fig. 3F) .
Because one cannot directly assess the levels of AHLs within the rumen fluid, one potential caveat of the experiments using rumen extracts could be that these signals in the extracts are concentrated to levels that are not physiologically relevant. To address this issue, the aiiA gene from Bacillus cereus, which encode for a lactonase that specifically hydrolyses the lactone ring from AHLs (28), was cloned into WT EHEC and the sdiA mutant. Expression of gadX in WT grown in filtered, nonconcentrated, rumen fluid was decreased in the presence of the aiiA-encoded lactonase (which inactivates any AHLs present in the rumen fluid) (Fig. 3G) , whereas expression of gadX in the sdiA mutant did not change with or without this lactonase (Fig. 3G) . These data support that AHLs at physiological levels in the rumen fluid activate transcription of gadX and that this activation is SdiA-dependent.
Rumen Metagenomic Studies. The AHLs in the rumen are probably synthesized by the microbial flora that reside in this GI compartment. However, there is limited information on the composition of the rumen microbial flora, and previous metagenomic studies were conducted only in forage-(grass-legume hay) fed steers (29) . To further assess the composition of the rumen flora, we performed metagenomic studies on DNA extracted from the ruminant contents of eight ruminally cannulated heifers on a grain diet. Forage is the usual diet of cattle on farms, whereas grain is the preferred diet on feedlots before they are sent to the abattoir.
The general sequence data obtained from this study are summarized in Table S4 . More than 40,000 sequences with acceptable coverage and quality were included in further analysis with a mean of >100 per rumen sample and a range from 4,534 to 5,887 reads. Using a 97% similarity threshold value, we identified a wide range of operational taxonomic units (OTUs) for each sample. The rumen sample group displayed significant variability among the number of OTUs that could be identified (640 in sample 8 and 2,576 in sample 1), suggesting that there is variability between the rumen contents of each of the animals. This finding is similar to the level of variability observed in the human gastrointestinal tract (1) . The calculations on the species richness using ACE and Chao (30, 31) and diversity estimators, Shannon and Weaver (32), indicated that there is significant variation between each of eight rumen samples (Tables S4-S6) .
We also examined the most abundant phyla in the rumen microbiota. In seven of eight samples, the Clostridia class was dominant in the rumen microbiota, similar to the findings in the rumen metagenomic studies of steers on a forage diet (29) . However, in sample 4, the Bacilli were dominant with Clostridia, , sdiA mutant, sdiA mutant with pACYC177, and sdiA mutant complemented with pDH6 (sdiA in pACYC177) strains grown in DMEM to an OD 600 of 1.0 in the absence and presence of AHL (10 μM oxo-C8-HSL). (C) Acid resistance (survival in acidic pH) through the gad system in the absence and presence of 10 μM oxo-C8-HSL. In conditions where no AHLs were added, the same amount of the ethyl-acetate solvent was added to ensure that the solvent had no effect in gene expression.
the second most prevalent class. Other phyla encountered in these rumen samples include Erysipelotrichi and Bacteroidetes. Of note, members of the Bacteroidetes phyla have been previously reported to produce AHLs (33) (Fig. 3H) . The analysis on this phylogenetic level shows that the rumen constituents are stable among these eight samples. The variability in the number and quantity of OTU that are observed in the rumen samples is similar to the level of variability observed in the human GI tract (1). Not surprisingly, the bacterial community that is present is different. The microbiota of the human colonic GI tract has been characterized by the examination of the fecal material and is dominated by Bacteroidetes and Firmicutes, whereas the bovine rumen samples are dominated by Clostria or Bacilli, both within the Firmicutes (Fig. 3H) . This difference in the microbiota is most likely linked to the difference in environmental conditions (pH, anaerobiosis, etc.) and tissue type. However, both bovine rumen and human colonic samples show sample-to-sample variation. Additionally, although this study represented the deep sequencing of bovine rumen samples, we still have not explored the rare microbiome. Further deep sequencing of these environments will provide insight into the population structure in these animals and may provide a mechanism of preventing or interrupting the carriage of these important human pathogens.
The current analysis does not allow the determination of the species of the members of the microbiota. Although we do not know which members of the rumen microbiota are producing AHLs, there has been one species of Bacteroidetes associated with fish that was found to produce AHLs (33) . Future studies of these complex communities and their interactions will further illuminate the role of chemical signaling within the rumen. Relative mRNA expression sdiA Mutant Is Defective for Colonization of Cattle. Inasmuch as rumen AHLs in a SdiA-dependent fashion modulate expression of EHEC genes necessary for cattle colonization, we assessed the contribution of SdiA to EHEC survival within the rumen and subsequent colonization of the RAJ. For this purpose, a competition trial was done in ruminally cannulated heifers on a grain diet (we used the same eight animals in which the rumen pH was assessed and the metagenomic studies were performed). Competition studies were performed to avoid issues concerning individual variation between different heifers in scoring the ability of these strains to establish themselves in the GI tract. As an initial control, an in vitro competition experiment between the WT and the sdiA mutant was performed to ensure that there were no growth defects in the sdiA mutant (Fig. 4A) . The ratio of WT to mutant bacteria was determined in the inoculum, rumen, and RAJ mucosal swab (RAMS) samples. The competitive index for each day was determined by dividing the ratio of mutant to WT bacteria in the rumen and RAJ. Fig. 4 B and C shows that WT EHEC outcompeted the sdiA mutant in both the rumen and RAJ of cattle, confirming that SdiA is important for cattle colonization (further details on these infection studies can be found in SI Results and Discussion). This study shows that AHLs present in the rumen downregulate expression of the LEE genes whose expression in this GI compartment would constitute a superfluous expenditure of energy (Fig. 3 D and E) . However, expression of the LEE is necessary for colonization of the RAJ (20) , where AHLs are absent (Fig.  3C) , allowing for LEE expression and efficient AE lesion formation. Conversely, rumen AHLs activate expression of the gad acidresistant system (Fig. 3 F and G) necessary for survival within the bovine rumen and the subsequent acidic stomachs (Fig. 4D) .
Conclusions
In this study, we show that the rumen of cattle harbor AHLs and that these chemical signals can be sensed in part through SdiA to modulate gene expression in EHEC, leading to successful colonization of these animals. However, EHEC also uses other chemical signaling systems to modulate expression of its virulence and colonization genes (8, 34) . In contrast to the SdiA-AHL system, the AI-3/epinephrine/norepinephrine system activates virulence traits in EHEC, and in animal infection models thought to mimic pathogenic interactions, such as the rabbit infant model (18) , mutants that cannot sense these chemicals are attenuated for disease. QS contribution to the pathogenic and/or commensal lifestyle of EHEC may constitute an example of yinand-yang relationship in chemical signaling in bacteria.
EHEC is carried by an estimated 70-80% of the cattle herds in the United States, and thus, interference with AHL signaling in cattle colonization may engender a strategic alternative to diminish EHEC shedding and consequently, human disease. Chemical sensing may be an important mechanism used by commensal bacteria to sense and adapt to specific niches in a complex host environment.
Materials and Methods
Detailed materials and methods describing microbiological examination, molecular biology techniques, AHL extraction from rumen samples, microarray and metagenomic studies, and animal infection studies can be found in SI Materials and Methods. Detailed strains and plasmid constructions can be found in SI Materials and Methods. 
